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IMJ?13VG- OF DROI?IEE3IN 60° ELBOWSWITE POTENEU FLOW

By Paul T.-Hacker,Paul G. Saper,and CharlesF. Kadow

SUMMARY

Trajectorieswere determinedfor waterdropletsor otheraerosol
particlesin air flowingthrough60° elbowsespeciallydesignedfor tm-
dimensionalpotentialmotion. The elbowswere establishedby selecting
as wald.sof each elbowtwo streamlinesof a flowfieldproducedby a
complexpotentialfunctionthat establishesa two-dimensionalflow around
a 60° bend. An unlimitednumb= of elbowswith sUght3y differentshapes
canbe establishedby selectingdifferentpairsof streamlinesas walls.
Some of thesehave a pocketon the outsidewall..5e 61bowsproducedby
the complexpotentialfunctionare stitablefor use h aircraftair-inlet
ductsand have the followingcharacteristics:

(1)The resultantvelocityat any pointinsidethe
greaterthan zerobut neverexceedsthe velocityat the

(2) The air flow fieldat the entranceand exitis
and rectiMnear.
.

(3)The elbowsare symmetricalwith respectto the
angleof bend.

elbowis always
entrance.

almostuniform

bisectorof the

Theseelbowsshouldhave lowerpressurelossesthanbends of constant
cross-sectionalarea.

The dropletimpingementdata derivedfrcm the trajectoriesare pre-
sentedalongwith equationsso that collectionefficiencyarea}rateJ
and distributionof droplethpingement canbe determinedfor any elbow
definedby any pair of streamklneswithina portionof the flowfield
establishedby the complexpotentialfunction. Coordinatesfor some
typicalstreanildnesof the flow fieldand velocitycomponentsfor several
pointsalongthesestreamlines=e presentedin tabularform. A compari-
son of the 60° elbowwith previouscalculationsfor a comparable90 el-
bow indicatedthat the impingementcharacteristicsof the two elbowswere
very Smlar .
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INTRODUCTION

compreh~siveresearchprogramconcerningthe problem
of aircraft,an investigationof the impingementof
airfoils,aerodynamicbodies,and otheraircraftcmupo-

nentshas been undertakenby the NACA kwis laborato~. The investiga- “
tion includestheoreticalcalculationsof clouddropletimpingementon
airfoils,cylinders,spheres,elMpsoids of revolution,air inlets,and
90° elbows(refs.1 to 12). Thesecalculationsweremade with the aid
of clifferentialanalyzersdevelqed at the NACA Lewislaboratory.

~ furtheranceof thisresearchprogramthisreportpresentsdroplet
@@~=t calculationsfor a 600 elbowwith potentialflow. MS 60°
elbowis similarto the 90° elbowof reference12 in that the elbowde-
signwas obtainedfrom the samegeneralizedcon@ex potentialfunction.
b this studymore of the flowfield establishedby the complexpotential
functionwas used then for the 90° elbowin orderto obtainan elbowwith
a pocketon the outsidewall. Thispocketwas includedin the studyto
determinethe effectof such configurationson collectionefficiencies
aud distributiauof impingingwater. The water-dropletimpingementdata
as well as the elbowand flow fieldare presentedin dimensionlessform
in orderto make the resultsapplicablefor a wide rangeof meteorologi-
cal aud fL@ht conditions,as well as
The impingementdatapresentedherein
waterdroplets,but may be appliedto
the drag coefficientof the particles
same mass.

As au airfoilor

for sizesand skpes of elbows.-
are not restrictedto supercooled
otheraerosolparticlesas lmg as
is comparableto spheresof the

.

AMAImm3

Equations of DropletMotion

aircraftccuuponentmoves througha cloud,the in-
terceptionof clouddropletsby the objectis dependenton the-physical
configurationof the component,the flightconditions,and the inertia
of the clouddroplets. In orderto obtainthe extentaf impingementand
the rate of droplethpingementper unit area on the cmponent, the
cloud-droplettrajecttieswith respectto the componentmust be deter-
mined. The clifferentialequationsthat describethe dropletmotionin a
two-dbmsiopal flow fieldare derivedin reference4 and are presented
hereinin the followingform:

}

%=mq~-vx) /
=24K

~ =%%—-
d~ 24 K(%- Vy)
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where

3

2 P@ %
K=-—9 p2

(with U in ft/see),and the Reynoldsnumber
of the free-streamReynoldsnuniber

2apaU
ReO =Y

(U inft/see) so that

(2)

Re is obtainedin terms

(3)

- VY)2 “ (4)

(Allsymbolsare definedin a~endix A.)
M

Valuesof coefficientof dragfor water droplets CD used in cal-
culationsare thosepresated in reference13 for solidspheres. Xn
accordance with theseequations,the droplettrajectorieswith respect
to an elbowdependon radiusof the droplets,air speed,densi@ of
wateror aerosolparticle,air density,and air viscosityas first-order
variables. The trajectoriesalso dependon the sizeand geametriccon-
figurationof the elbow,sincethesedeterminethe-magnitudeof the com-
ponentvelocities Ux and Uy of the air everywherein the flow field
insidethe elbow.

ElbowGecxnetryand FlowField

As in the case of the 90° elbowof reference12, the air-flowfield
for the elbowstudiedin this reportwas not determinedfor a givenel-
bow, but was determinedby establishingfrom potentialtheorya two-

$dimensionalflow fieldthatmakes a 60 turn. ?&an thisflow fieldtwo
streamlineswere selectedas wallsof the elbow. Selectionof the com-
plex potentialfunctionand streamlinesas wallswas based up(m the fol-
lowingcriteria:

(1)The sir-flowfield shouldbe uniformad rectilinearat some
.

point‘beforeend after
to straightducts.r,

(2)The resultant
“. exceedthe velocity U

criterionwas selected

the bend,in orderthat the elbowmay be fitted

velocityat any pointinsidethe elbowshouldnot
wherethe flow is uniformand rectilinear.This
so as to minimizepossibleflow separation.

----- —- . ..—. —.—. — ..— ————-— ——— .———. --- —
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a

(3)No streamMne shouldhave stigularpoints (O or = velocity)
withinthe elbow. ,
.

A complexyotentialfunctionthat establishesa flow field,a yor-
tion of whichnearlysatisfiesall the criteriaof the preceding para-
graphfor an elbow,is givenin generalizedformby

g

(5) Cn

where 5 is the angleof bend of the elbow,in this case 60°. !T!his
equationis identicalto the complexpotentialfunctionthatwas used to
establishthe 90° elbowof reference12. The use of this complexpo-
tentialfunctionto desigaelbowsis discussedin references14 and 15.
Details(requiredfor this impingementstudy)for designinga 60° elbow
and determiningits velocityfieldand otherphysfcalcharacteristics
from equation(5) are givenh appendixB.

A portionof the streamlinepatterngivenby equation(5) is shown
L,

in figure1. The flow fieldbetweenthe two streamlines$ = 15YtZU/32
and~= YtZU/12satisfiesall the assumedcriteriafor a 60° elbow. The
firstconditionis strictlyWilled onlyat infinity,but the flow ap-

..’

preachesuniformand rectilinearmotionvery rapidlybeforeand afterthe
bend. Therefore,the ends of the elbowmay be selectedat somereasonable
distancebeforeand aftertbe bend withoutseriouserror (seeappendixB).
For this dropletimpingementstudy,the ends of the elboware definedby

the ties q = 0.5774~- 0.866fiZand % = ~ YCZ,indicatedby dashed

linesin figure 1. Theseends are comparableto thoseof the 90° elbow

of reference12 in that they are the same distance~ figmeasuredin the

directionof flowfrom the originof the coordinatesystem.

Sincethe flowfieldbetweenthe streamlines~ = YcZU/12and
~ = 15arZU/32satisfiesthe assumedcriteria,any pair of streamlines
betweenthesetwo may be selectedas walls of a two-dimensionalelbow.
However,elbowsdefinedby pairs of streamlinesbetween W = 3r2U/12and
~ = 4YcZU/12are probablythe most practicalelbows,becausetheymore
nearlyapp~te ccmrmntionalelbows. Of all the possibleelbowsde-
finedby Pairsof streamlines%etween Y = YcZU/12and ~ = 4YcZU/12,the
most usefulelbowis probablythe elbowdefinedby thesetwo streamlines “
becausefor a givenentrancewidththe averageturningradiusis smd_ler
for this elbowthan for any elbowdefinedby a pair of streamlinesbe-
tweenthesetwo. (Definitionof turningradiusand elbowentrancewidth ~
and theirrelationto the Mnear parsmeter Z of eq. (5)are given

.— .—. ———..



NACA TN 3770 5

h appendixB.) For this dropletimpingementstudythe streamlinepat-
tern of figure1 is dividedinto threeclassesof elbows:

(1) The elbowdefinedby streamlines~= fi2U/12and ~ = 4fi@2
is definedas the basic elbow.

(2)Elbowsdefinedby any pair of streamlinesbetweenthoseof the
basicelbowor by one streamlineof the basicelbowand any otherinter-
mediatestreamlineare designatedas supplementaryelbows.

(3)Elbowswhoseoutsidewall is definedby the streamline
?#= 15Yc2U/32are des@natedas pocketelbows.

The entrancewidthand averageturningradiusfor the basic elbow

sre approximatelyeqpalto ~ and ~ Yclcot 300+2 (lessthan lpercent

error),respectively(fig.1 and appendixB), with centerof turninglo-

catedat ~ = ~ Xhndq=-j X2 cot 30° (pointA fig. 1). The en-

trancewidthand turnhg radiifor supplementaryand pocketelbowsmay
be approximatedby equationsgivenin appendixB.

b orderto calculateconvenientlythe dropletimpingementdata for
an elbowovera largerangeof conditims as well as elbowsize,it is
necessaryto ~ress the elbowand its velocityfieldin termsof dimen-
sionlessparameters. This end is accomplishedby ~ressing all dis-
tancesrelativeto an elbowas ratiosto the linearparameter Z and
all velocitiesas ratiosto the free-streamvelocim U. The methodof
obtainingthe elbowand velocityfieldfrom eqpation(5)in termsof
Mmnsionless parametersis presentedin appendixB, The basic elbow
with someintermediatestreamlines (supplementaryelbows)and the pocket
elboware shownin figure2 in termsof dimensionlessparameters x and
Y“ Figure2, with the elbowentirelyin the first quadrant,was ob-
tainedfrom figure1 by the followingtransformationequations:

.x= o.86& - 0.5 q + 2.00 and y = 0.55+ 0.866q i-3.00. [Thetrans-
formatim was made in orderto facilitatedroplet-trajectorycalculations
with the electromechanicalclifferentialanalyzer.) Also shownin figure
2 are sometypicaldroplettrajectoriesand linesof constantdistance
from the elbbwentmnce.

The velocityfieldfor the entirestreamlinepatternof figure2 is
presentedin figure3 in termsof dimensionlessparameters. In figure
3(a),the x-componentof velocity ~ is givenas a functionof x for

k-l constantvaluesof y, and h figure3(b),the y-componentof velocity
~ is @vm as a functionof y for constantvaluesof x. The cmpo-

nent velocities ~ and ~ are dimensionlessand are equalto the

ratioof the actualcomponentvelocityto the free-streamveloci@ U.
Streamlinecoordinatesand velocitycomponentsas a functionaf velocity
potentialare tabulatedin table1.

. . . . . ..—. .. ——— —. ---. — — .-— —. —— — —.- ——— -- - ---
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An elbowdesignedby the use of egyation(5)may have any entrance
cross-sectionalconfiguraticm.!Fheonly conditionsthatmust be satis- ,.

fied are (1) the streamlinesthat form the wall.of the elbowat the en-
trancemust remainon the wallsthroughoutthe elbow,and (2) the stream-
linesthat form the wallsof the elboware identicalto or lie withinthe
streamMnes * = fiZU/12and * = 15YrZU/32if the ass~ed criteriafor
an elboware to be Willed. An elbowwith a rectangdar entrancecross
sectionis the most convenientelbowwith respectto constructionand ap-
plicationof droplet-trajectorydata in determiningarea,rate,and dis-
tributionof water dropletimpingement.Therefore,the droplethpinge-
ment datapresentedin the RESULTSAND DISCUSSIONapplydirectlyto
elbowswith rectangdar entrancecrosssection. However,the same drop-
let impingementdatamay be used to find area,rate,and Listributiauof
waterdropletimpingementfor elbowswith any entrancecrosssection. A
methodfor applyingthe
is out13nedin appendix

resultsto nonrectangdarentrancecrosssections
C of reference12.

METHODOF SOLUTION

The differentialequationsat motionof a dropletin a two-
,

dimmional -flow fieldare difficultto solveby ordinarymeans,because
the valuesof the ccmponmt relativevelocitiesbetweenair and droplet ~
reqpiredto solveequation(1)are functionsof the dropletpositionand
velocity,and theseare not knownuntilthe trajectoryis traced. The
totalrelativevelocityat eachpositionis also reqyiredin orderto
determinethe value of the localReynoldsnumber Re (eq. (4)). Simul-
taneoussolutionsfor the two equationswere obtainedwith an electro-
mechanicaldifferentialanalyzerconstmcted at the LewisLaboratory.
The resultsfram the differentialanalyzerwere in the form of plotsof
droplettrajectorieswith respectto the elbow.

The equationsof motion (eq. (1))were solvedfor the following
valuesof the inertiaparameter K: 1/3,4/7, 1, 2, 4, and 8. For
eachvalue of K, a seriesof trajectorieswas cmputed for each of
thesefour valuesof free-stresmReynoldsnuniberReo: O, 32, 128, sad

512. The end of the elbownearerthe originof figure2 was chosenas
the entrance. Trajectorieswere computedfor the variouscombinations
of K and Reo for dropletsthat enteredthe elbowat severalpositions
acrossthe entrance.

Assumptionsnecessaryto the solutionof the problemare:

(1)

which iS

(2)

.

The dropletsenterthe elbowwith the samevelocityas the air, M
apprmsimatelyfree-stream(fig.3).

The dropletsare alwaysspherical.and do not changesize.



(3)IV.gravitationalforceacts on the ti”oplets.
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RESULTSAND DISCUSSION

Methodof PresentingData

The impingementdatapresentedin this section,whicha@.y onlyto
elbowswith rectaqylar atrance crosssections,are dividedinto three
categories: (1) thosefor the basic elbow (definedby the streamlines
$ = YfZU/12and 4Jr2U/12),(2) thosefor supplementaryelbmm (defined “
by a pair of-streamlinesbetweenthosefor the basic elbowor one stresm-
I.ineof the basic elbowsnd any otherintermediatestreamline),and (3)
thosefor pocketelbows(elbowswhichhave ~ = 15YcZU/32as awall).

For conveniencein presentingand discussingthe impingementre-
sults,the WSJJ.with the largestvalue of ~ is designatedas the out-
sidewall,and the otheras the insidewall. Becauseof the physical
configurationsof the elbow (flowfield)and the directionof droplet
inertiaforces,dropletiinpingementcan occuronly on the outsidewall.
of the elbow. The area of impingementon the outsidewall of the basic
and supplementaryelbowstartsat the entranceand -ends in a down-
streamdirection,the extentdependingupon the valuesof K and ReO.
The area of imp~ement for pocketelbows,however,doesnot startat
the entrancebut at somepointdownstreamdependingupon the valuesof
K and ReO.

In presentingthe data,use is made of the abscissavaluesof
streamlinesand droplettrajectoriesat the elbowentrance. In orderto
differentiatebetweenabscissavaluesfor streamlinesand droplettra-
jectories,the notationadoptedherein (il.lustratedin fig. 4) involves
the use of doublesubscriptsfor the x-coordinate.The first subscript
of eachpair indicatesthatthe abscissavalue refersto a streamline
~ or to a droplettrajecto~ d. 5e secondsubscriptrefersto a
particularstreamlineor droplettrajectory;for example, o refersto
the outsidewall,and m refersto the maximm initialvalue of ab-
scissaof dropletsthat impingein the elbow. Symbolshavinga prime
superscriptreferto the basic elbow,unprimedsynibolsto supplementary
elbows,and symbolswith an asterisksuperscriptreferto a pocketelbow.

An analysisof the seriesof droplettrajectoriescomputedfor the
elbowshowedthatall the importantinformationnecessaryto calculate
collectionefficien~, extentof @ingement, rate,and distributionof
droyletimpingementcouldbe summarizedin termsof

(1)Entrancewidthof elbowbeing considered.

. ----- ... ..— ..—.——.— _ _ .— —-.——— —-. .-— .—..
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(2)Distancealongoutsidewall fram entranceof elbowto pointat
which droplettrajectorymeetsthe outsidewall. (Distanceis ‘‘
denotedas S‘ for basic elbowand is dimensionlesswith same

.

dimensionlessscaleas x. Some linesof constant S are
shownin fig. 2 alongwith sometypicalstresmMnes.]

(3)Abscissavalueof droplettrajectoriesat elbowentrance(xi
for basic elbow)

(4)Valuesof dimensionlessparameters K smd Reo
.
Presentationof impingementdatain termsof the Mmensionlessparameters
K and Reo is very convenient,but the physicalsignificanceof the
parametersis oftenobscureunlessuse is made of theirdefinitions(eqs.
(2)and (3)). h orderthat thesedimen&ionlessparametershave same
physicalsignificancein the followi.ngiklscussion,sometypical.ccxnbina-
tionsof K and ReO are presentedin laibleII in termsof elbowsize,
dropletsize,free-streamvelocity,air density,and air viscosi~.

The droplettrajectoryitiormationreqyiredto calculatethe maximum
exkentof impingement,the collectionefflciency,the rate of impingement,
and the distributionof impingementfor the basic elbowis smmuarizedfor
variouscauibinationsof K and ReO in figure5. This figureis a plot
of the distance Sf alongthe outsidewall of the elbowfrcunthe en-
tranceto the pointof impingementof dropletsthat enterthe elbowat
variousvaluesof x&. (Thelengthof the outsidewall of the basic el-
bow is 5.68.) The datapresentedin figure5(a)for ReO = O (Stokes1
law) cen be consideredas a limitingcase,sincetheyapplyto an ideal
situationthat cannotbe attainedin practice. The curvesfor K = -
representa Mmiting case in whichthe conditionsare suchthat the drop-
let trajectoriesare straightlinesperallelto the directionof the
free-streamvelocim U.

Mfudmumextent of impingement . - Themaximumextedtof impingement
for the basic elbow S& for a givencombinationof K and Reo is de-

terminedfrom figure5 by the maxhum value of S’ for any value of ~

withinthe walls of the elbow. For someconibinationsof K and ReO
suchas K= 1 and Reo = 32 (fig.5(b)),impingementoccursthroughout

the entirelengthof the elbowwith somedropletspassingthroughwithout
impinging,as is illustratedin figure4(a). For otherccmibinationsof *

K and”.Reo, suchas K = 4 and Reo = 128 (fig.5(c)),the impingement

of all dropletsis confinedto a portionof the outsidewall, as is
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illustratedin figure4(b).
K=4 and ReO= 512 (fig.
pingement S& is presented

The msximumextent of impingement
5(d))iS 5.31. The maximumextent

9

when
of ti-

in figure6 as a functionof the reciprocal
of K for four valuesof ReO and in tableII for sometypicalvalues
of K and ReO. The valueof S~ variesdirectlywith ReO and in-
verselywith K.

Droplettrajectorieswere computedbeyondthe -t of the elJmwfor
someccmibinationsof K and ReO. Theseattendedtrajectorieswere com-

putedfor a uniformrectilinearflow fieldwithvelocity U suchas
wouldbe presentin a straightduct comected to the elbow. The tra-
jectoriesof the dropletsbeforeemergingat the exit of the elbowwere
almostparallelto the air streamlineat the exit (fig.2), and upon en-
teringthe uniformflow fieldof the straightductthe droplettrajecto-
riesbecameso nearlyparallelto the streamlinesand outsidewall that
it was dtificultto determinethe exactpointof impingement.Becauseof
this difficulty,the data on maximumextentof impingementpresentedin
figures5 and 6 are terminatedat the exit of the basic elbow(S’ = 5.68).
Althoughthereis some impingementin the straightduct,the amountof
water impingingper unit area is small,as is discussedin a latersection.

Collectionefficiency.- CollectionefficiencyE’ of the elbowis
definedas the ratioof the amountof waterimpingingwitldnthe elbow
to the amountof waterenteringthe elbow. If the assumptionis made
thatthe waterdropletsare uniformlydispersedtithe air enteringthe
elbow,then the collectionefficiencycanbe expressedin termsof the
widthof the elbowat the entrance ~,i - ~,. and the Mfference in

abscissavaluesat the elbowentranceof the two droplettrajectories
that definethe extentof impingement.The abscissavalueof the tra-
jectorythat deftiesthe forwardboundaryof impingement(S’= O), de-
finedas x&,o,has the samevalueas the outsidewall of the elbow

X$,o (f@* 4)●
The abscissavalueof the trajectoriesthat definethe

rearwardextentof impingement,designatedas x~,m (fig.4), is deter-

minedfrom figure5 at the maximumvalue of S’ for a givencombination
of valuesof K and Reo. The differencex&,m - X&. is proportional

to the amountof waterimpingingan the elbowwall,and the widthof the
elbow=t=ce X$,i - ~,. iS proportionalto the totalamountof water
in drqpletfomn enteringthe elbow. Hence,the collectionefficiencyEt
iS @Veil by

‘&,m - ‘k,o

“ = x$,i - +,0
(7)

—..—... —.—...- .— —— -.—— ..--——. —---- .—.
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For the basic elbow,x’
*,i - ‘+,0 = 0.7900(appenti B), and eqpation(7)

becomes

(8)

Valuesof X&,m - x~,o as a functionof K for four valuesof Reo

are @otted in figure7.

The collectionefficiencyof the basic elbow,obtainedby eqpation
(8)and the data of figure7, is presentedin figure8 as a functionof
K for four valuesof Reo and In tableII for sometypicalvaluesof

K and ReO. For a @ven value of ReO, the collectionefficiencyin-
creaseswith increasingK untilall the dropletsenteringthe elbow im-
P* upon the outside w. The value of K for whichthe collection
efficiencyis unityincneaseswith ticreasimgvalueof ReO.

Rate of waterinterception.- The totalrate of waterinterception
Wb is definedfor the elbowas the amountof water interceptedper unit
timebya unit depthof elbow. Depthis measuredin a directionperpen-
dicularto the plane of flow (perpendicularto plane of fig. 2). The
totalrate of water‘interce@ionis deternrinedby the spacingof the two .
trajectoriesthat dd?inethe extentof impingement(x&,m- xi,o), the

liquid-watercontent w, aud the free-stresmvelocity U. For the basic
elbowthe totslrate of waterinterceptioncsnbe calculatedfrom the
informationin figure7 and the followingrelation:

WA= 0=33 (x&,m- x&,o)Zuw (9)

where U is in milesPer hour and w is in gramsper cubicmeter. The
total rate of water
tion efficiencyE‘

in~erceptioncan alsobe ~etern&ed from the colLec-
@ig. 8) and the followingrelation:

W& = 0.33E’(~,i - X$O)2UW (10)

where x’

4
,i-~,. is the

X$,i - ,0 = 0.79for the
widthof the basic elbowentrance. Since
basic elbow,equation(10)reducesto

~ = 0.261E’ZUW (n)

The Wear parameter Z appears
orderthat W& have dimensions,
measuredin feet.

in equatims (9),(10),and (Xl.)in
end the depthin theseequationsis

.-.
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Iacalrate of dropletimpingement● - A knowledgeof the localrate
of dropletimpingementWA is requiredin the designof certaintypes

of themal anti-icing systems. T.bisrate,whichis definedas the amount
of waterimpingingper unit timeper unit area af elbowsurface,csabe
determbed by the following~ression:

dx~
w’
P = 0“33uw~ = 0“= ~B: (12)

(where U is h mph). The qumtity 0.33Uw of equation(12)is the
amountof water enteringthe elbowper unit timeper unit area,and 13’
is the localimpingementeffici~cy dx&/dS’. The valuesof p‘ as a

functionof S‘ for variouscoztibinationsof K and Reo are presented

in figure9. The valuesof p: were obtainedby graphicallydetermin-
ing the reciprocalsof the slopesof the curvespresentedin figure5.
The curvesof figure9 showthat themaximumvalueof P‘, and therefore
the maximumlocalrate of dropletimpingementW~, occursbetween

s’ = 2.75 and S1 = 4 for all.conibinationsof valuesof K and Reo
studied.

The dashedlinesin figure9 are the limitsin S of the impinge-
ment area,and p‘ is zerofor any combinationof K, Reo, and S that

fallsbeyondthis limit. For some combinationsof K and ReO (e.g.,
K = 1, Reo = 128, fig. 9(c)),the P’ curvesdo not meet thisMmit

withinthe elbow (S = 5.68). h thesecases,impingementoccursthrough-
out the entirelengthof the elbowand may extendinto a straightduct
attachedto the exit. The valueof P‘ andthemaximum exkentofim-
pingementin the straightduct can be estimatedby extrapolatingthe
curvesof figure9 beyond S = 5.68 until p‘ = O. The largestvalue
that ~‘ may have at the exLt of the elbowfor any caibinationof values
of K and Reo is determinedby the dashedlineand is approximately

0.09. !I!hus,for any pointbeyondthe -t on the wall of a stmight duct
the valuesof 13’ are less than 0.09.

th~kmentary Elbows

In someapplications,supplementaryelbows,whichmay be derived
fromthe flow fieldof the basic elbowby selectingany pair of stream-
Mnes as walls,may be more desirablethan the basic elbow. Therefore,
dropletimpingementdatafor them are desirable. Such datamay be de-

, terminedfrom the seriesof droplettrajectoriescalculatedfor the var-.
ious combinationsof K and ReO for the basic elbow. However,the

.. presentationof the impingementcharacteristicsfor all possiblesupple-
mentaryelbowsin the samemanneras for the basic elbowis impractical

-—... -—---- -—-.—- — - .——. .— .-. . —.—
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n

becauseof the Mmitless nuuiberof elbowspossible. Analysisof the im-
p@em~t datifor SUP@ema~ 60° elbowsshowsthatthe relatims that .

were validalonglinesof constant S for the 90° elbowof reference12
L

were dso validfor the 60° elbows. Therefore,all the importantcharac-
teristicsrequiredto calculatethe extent,rate,and distributionof im-
pingementfor any supplementary60° elbowcanbe determinedfrom thoseof
the basic 60° elbowby equationsthat contdn empiricallydeterminedco-
efficients. Theseempiricalequationsare similarin form to thoseused
for the 90° elbowsof reference12. b theseequations,xv,.,whichis
determinedby the streamlinechosenfor the outsidewall, is an inde-
pendent_ble. A supplementaryelbowmay be formedfrom the basic ‘ 8

elbowby choosingotherstreamlinesfor eitherthe outsidewall or the
insidewell or both. The en@ricel equationsare,-ver, eitherinde-
pendentof the insidewall ~ ~ or dependon it only in the form

~,i - ~,o~ * ~tmce wid~. The value of ~,i does,nevertheless,

establisha limitto the rangewithinwhichthe equationsare validfor
the elbowchosen.

Mlximumextentof impingement. - Curvesti S as a functionof xd,
dd.lar to thoseo= figure
supplementaryelbowby the

where

(%3)s

(x~)~

( )s

a

~,o

0.9528

The

abscissaat elbow

5 for thebasic elbow,can be obtainedfor amy *

followingempiricalequatia:

=(%,o - 0.9528)+ (x~)s (13)
J

entranceof drqpletsimpingingon outsidewall
of supplementaryelbowat distance S from &trance

abscissaat elbowentranceof drapletsimpingingon outsidewall
of basic elbowat distance S from entrance(fig.5)

denotesthat the value

empiricalcoefficient,

of S is the samefor ~ and x~

functionof S, K, and Reo (fig.10)

abscissaat elbowentranceof streamlinedesignatedas outside
wall of supplementaryelbow

constant,abscissaat entranceof outsidewall crfbasic elbow

valuesof K and Reo that applyto (xd)s are the sameas

thosefor {x&)s. For some ccmibinationsof S, K, and Reo, equaticm
.

(13)@ves valuesof xd largerthan ~,i, the insidewall of a supple-

mentaryelbow. h this case,all dropletsthat enterthe elbowiqpinge
-.

#

—— —..—. —... -—— .- ——-..
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upon the outsidewall. As
sumethatit is desiredto
s = 2.5 on the streamline
natedas the outsidewall,

13

an exaqple of the use of eqyation (13),as-
find xd of a dropletthat impingesat

v= 9Jr2U/32(X~,o = 1.1179), which is desig-
for K = 1 and Reo= 32. From figure5(b)

at S= 2.5,X&= 10031,and fromfigure10(b)ja= 1.241. Stistitution
of thesevaluesinto equation(13)gives

(xd)2.5 = 1.241 (1.1179- 0.9528)+1.031=1.236

The rangeuverwhichvaluesof S maybe selecteddependsupon the
particularstreamlinedesignatedasthe outsidewall of the supplementary
elbow,(seefig. 2). The rangeof S as a functionof *,0 is pre-

sentedin figureIL. After the curvesof S as a functionof xd are
establishedfor a particularsupplementaryelbow,the maximumextentof
impingem~t % is foundin the samemauneras for the basic elbow.

Collectionefficiency.- The collectionefficiency E for any sup-
plementaryelbowcan be calculatedfrom the curvesof S as a function
of xd as determinedinthepreceedingsectionby the following
equation:

E= ‘djm - ‘d,o

xy,i -%#,o
(14)

whichis similarto equation(7)for the basic elbow. However,analysis
of the impingementdatafor supplementaryelbowsshowedthat the collec-
tion efficiencyfor any supplementaryelbowcouldbe determinedfrom the
collectionefficiencyE’ for the basic elbowby the followingem@ri-
cal equation

where

El

q,i - q,o

. ‘r

X-#,o- *,O.,

E’(x#i- X$,O) +7(X$,0 -%J,O)
E=

w,i - ~,o
@5)

collectionefficiencyof basicelbowfor given caibination
of K and ReO

entrancewidth of basic elbow,equalto 0.79

empiricslcoefficient,functionof K and ReO (fig.12)

differencein abscissaof outsidewalJs of supplementary
and basicelbow (~,. = 0.9528)

— . . . ....—— ----- —— .—. --. — — .—--— -- — —-— .- —- -
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Supplemental elbow .

Substitutionof the
(15)gives

.

values for the basicappropriate elbowin eqpation

(16)
+ Y(% o - 0.9528)

E=
~,i - q,o

0.79z!

As an exsmple of the use of equation (16),assumethatthe coll.ec-
tion efficiencyfor a su~lementaryelbowdd%ed by x~,o = 1.2 aud

x*,i = 1.7 is desiredfor K = 1 and ReO = 128. lhxm figure8,
Et = 0.523 for the basic elbow,aud from figure12, Y = 0.338. Sudmti-
tutionof thesevaluesinto egyation(16)gives

E= 0.79 (0.523)+0.338 (1.2- 0.9528)=09Q3
1.7 - 1.2 ● .

In some casesthe collectionefficiencyasgivenby equation(16)is
greaterthan unity. ~ thesecases,all the tiqlets that enterthe lo

elbowhpinge upon the outsidewall aheadof the exit,and the colJ_ec-
tion efficiency is assumed unity.

Rate of water interception. - The total rate
per unit depth ~

of waterinterception
be obtainedfrom the
equation(10)for the

for a suppkmentsxy elbow can

which is identicalin form tofollowingequation>
baSiC elbow:

(17) “W&=0.33 E(~,i -X$,o)Z~

where

elbow(determinedE collectionefficiencyof supplementary
by eq. (16))

‘V,i - ‘ijf,oentrance widti

u free-streamvelocity,mph

w L@id-water cohtent,g/cum

Localrate of dropletimpingement. - The localrate of dropletim-
pingement Wp for a sup_@ementaryelbowcanbe determinedby .

(18)

.-— .—— —— . ..— —



NACA TN 3770 15

whichis identicalin form to equation(12)for the basic elbow. 5e
valuesof the localimpingementefficiency 13 as a functionof S msy
be detemined by twomethods. Curvesof S asafuuctionof xd are
establishedby equation(13)for a particularsupplemen~ elbowand
valuesof K and Reo. The reciprocalof the slopesof these curvesis

equalto ~. The secondmethodis basedupon the definitionof the local
imp~t efficiency

Differentiating

t%%
P ‘7ii3-

equation(13)with respectto S gives

where

du/ds derivativeof a curves(fig.10)

~,o abscissaat entranceof outsidewa12 of Suppkllentary

(1..9)

(20)

elbow

d(xJ)#is egyalto i3’ for basic elbowat givenvalue of S (fig.9)

Equation(20)may alsobe titten

(21)

Valuesof da/dS as a functionof S for variousvaluesof K and
Reo are

from the

for p’.
required
whichis

pres-atedin figure13. Thesevalueswere determinedgraphically

data of figure10.

valuesof K and ReO that applyto p are the same as those
As an exampleof the use of equations(21],assumethat P is
at S= 2.5 on the sup@ementaryelbow,the outsidewall of
definedby the streamlineV = 9Yr2U/32(~,. = 1.1179),fdr

K=l and ReO =32. From figure13(b),da/dS= 0;188at S = 2.5,end

from figure9(b),P’ = 0.148. Thus,

~ = 0.188 (1.1179- 0.9528)+ 0.148= 0.179 “

Some cautionmust be exercisedin usingeqyation(18)to calculate
localrate.of impingementfor a supplementaryelbow,becausevaluesmay
be obtainedthat do not apply,dependingupon which streamlineis selected
as the insidewall of the elbow. The insidewall for somevaluesof K

.—-— —— ..— —.——— .— ..- -- --
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and ReO determinesthe maximumextentof impingement~. Therefore,
equation(18) shouldbe used in conjunctionwith the maximumextentof &

when calculating P or WP for a particularsupple-

and Wp are both zero for distancesgreaterthan ~.

PocketElbow

Althoughthereare an Infinitenmiberof streamlinesbetween
~ = 4YcZU/12(outsidewall of basic elbow)and ~ = 15YcZU/32that could
be selectedas outsidewalls of the pocketelbow,only one has been
selectedfor this study. The one selectedis $ = 15xZU/32,becauseit
createsthe deepestpocket(fig.2). The droplettrajectoryinformation
requiredto calculateextent,rate,and distributionof dropletimpinge-
ment for the pocketelbowis summarizedfor variousccmitxbmtionsof K
and Reo in figure14. This figureis a plot of the distance S* along

the outsidewall of the elbowfrom the entranceto the point of impinge-
ment of dropletsthat enterthe elbowat variousvaluesof #d. The

lengthof the outsidewall of the pocketelbowis 6.92.. v

Becauseof the shapeof the pocketelbow,the forwardMmit of drop-
let impingementon the outsidewall doesnot startat @ = O as it does “
for the basic and supplementaryelbows,but at samedistancedownstream
dependingupon the valuesof K and Reo. For the followingcwibinations

of K and Reo thereis no impingementon the outsidewall of the elbow:

K= 1/3,ReO =‘O;K = 1/3,ReO = 32; K = 1/3,ReO = 128;and K = 1/3,
4/7,ReO = 512. For otherccmibinationsof K and ReO, trajectoriesof
dropletsthat enterthe pocketelbowat ~ = 0.5239(entranceabscissa

of outsidewall)are tangentto the outsidewall with all othertrajec-
toriesmissing. Thesevaluesof K and Reo are: K = 4/7,Reo = O;

K= 4/7,Reo = 32; K = 4/7,Reo = 128; and K = 1, Reo = 512. Thesetan-

gentpointsare indicated by a singlepoint in figure14.

Maximumextent of @ing ement.- The maximumextentof impingement
for the pocketelbow %* can be dete?md.nedfrom figure14. The maximum

extent d
%

ingementdependson t$reefactors: (1)the end of the
curvesof as a functionof ~ (2)the choiceof insidewall x~,i,
and (3) the elbowexit (~ = 6.92).

Collectionefficimcy. -
@V~ by

@

Coil.ectimefficiencyof pocketelbowsis

X*
d,m - ‘;,o

‘*
~,i - %,0

-- — . ...
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where x~,m - X$ao is differ&ncein abscissaat the entranceof droplet
. .

trajectories defining the area of impingement> and
$ji-$,o is the

entrancewidth. A plot of ~)m - ~}o as a function of K and ReO

is presentedas figure15. The entrancewidth of a pocketelbowcan have
any valueup to 1.2189,whichis definedby streamlines~ =
and V = Yc2u/M.

15fi2U/32
Collectionefficienciesof two typesof pocketelbows

are presentedin tableIII. me A has au entrancewidthof 0.79 which
is the samewidthas the basic 60° elbow,and typeB has au entzance
widthof 1.2189. Also presentedin tableIII are valuesof collection
efficienciesfor the basic 60° elbow. For the samevaluesof K and
ReO, the collectionefficienciesof pocketelbowsare less than for the
basic elbow,with typeB elbowshavingthe lowestcollectionefficiency.

Rate of waterinterceptionand localrate of droplethpingement. -
The localrate of waterinterception for pocketelbowscanbe ob-

tainedby substitutionof a~ropriate valuesfor pocketelbowsinto
equations(9)or (10)for the basic elbow. The localrate of droplet
impingement@ for pocketelbowsis obtainedby equation(12)with the,–

substitutionof P we localimpingementefficiencyof pocketelbows
for ~’. Plotsof
ReO are presented
9 showsthatlocal
eraUy higherthan

COMPARISONOF

@ for pocketelbowsas a functionof ~, K, and
in figure16. A COlQE13?iSOIlof figure16 with figure
imP@ement efficienciesfor pocketelbowsare gen-
for the basic elbow,although E* is lower.

IM?IMGEMENTMJ?AFOR 60° AND 90° MSIC ELBOWS

A comparisonof the collectionefficiencyof the basic elbowof this
reportwith the basic 90° elbowof reference12 showedthatthe collect-
ion efficiencyof the 60° elbowis slightlyhigherthan that of the 90°
elbowat low valuesof K for all valuesof ReO. For highvaluesof
K the reverseis true. The collectionefficienciesof the basic elbows
are summarizedin tableIII. A comparisonof the localimpingementef-
ficienciesfor the 90° and 60°basic elbowsat variousccmibinationsof
valuesof S, K, and ReO showedthatthe two elbowswerevery com-
parable,with the 90° elbowhavingsllghtlyhigherlocalimping~t ef-
ficiencyvaluesthan the 60° elbowat scme conditionsand slightlylower
valuesfor otherconditions.This small&fference in collectioneffi-
cienciesand localimpingementefficienciesbetween60° and 90° elbows
wouldhave been clifficultto predictbeforethe trajectorycalculations
for the 60° elbowweremade, sincethe ~ingement in a straightduct
wouldbe zero,and thus it wouldbe assumedthat the collectionefficiency
of a 6@ elbowwouldbe less than that for a 90° elbow.

.— . -— —— .—. —. . .
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IMPINGEMENT~ CLOUIMOF NONUNIMEW DROPLETSIZE
u

The impingementdata and equationspresentedin the precedingsec-
tions,by whichthe extent,rate,and distributionof dxopletWptigement
can be determinedfor thebasic,supplementary,and pocketelbows,apply
directlyto cloudscomposedof dropletsof uniformsize. Clouds,how-
ever,are not necessarilycomposedof dropletsof uniformsizebut may
have a largerangeof dropletsize. For cloudscomposedof drqpletsof
nonunifon size,the maximumtient of impingementfor elbowsis deter-
minedby the smallestdropletsizepresentin the cloud. (Thisis in *

o
contrastto the situationinvolvingexternalaerodynamicsor flow around 8!
a wing or otherbody,wherethe largestdropletdeterminesthe maximum
extentof impingement.) h orderto determinethe totaland localrates
of dropletimpingementby equations(10)or (17)and (12)or (18),re-
spectively,for cloudscomposedof dropletsof nonuniformsize,the col-
lectionefficiencyaud the localin@ngement efficiencymust be modified.
Thesemodifiedvaluescan be obtainedfor a givendroplet-sizedistribu-
tionpatternby weightingthe valuesof thesetwo quantitiesfor a given
sizeaccordingto the amountof liquidwater containedin a givendroplet
size. A detailedprocedurefor determnn a weightedcollectioneffi-
ciencyand localimpingementefficiencyfor a @.vendroplet-sizedistri-

*

butionpatternis presentedin reference16.

coI?cIumNGREMARKS

The 60° elbowsfor wtichdropletimpingementdata are presentedin
this reportare suitAblefor aircraftair-inletductsand wouldprobably
have lowerpressurelossesthanbendswith constantcross-sectional
areas. However,theseimpingementdataare baseduyon theoreticalcal-
culationsfor an idealfluidflow and hencetheremightbe some differ-
encesbetweentheoreticaland experimentalimpingementfor the sameelbow.

Althoughthe collection efficiencyof the 60° pocketelbowwith the
same entrancewidthas the basicelbowis less than for the 60° basic elbow
and the pocketelbowwouldnot be as usefulas a dropletinertiasepara-
tor,the pocketelbowhas someimpingementcharacteristicsthatmsy be
useful. The dropletimpingementfor pocketelbowsis Mmited to a much
smallerarea thanfor the basic elbow;therefore,less areawouldhave
to be heatedto preventor removeice. Thereis also a regionfrom the
entranceto a surfacedistsmceof 3.75 on the outsidewall of the pocket
elbowwherethereis no impingement.The impingementdatafor supple-
mentaryelbowsdefinedby stresnddnesnear the inside-11 Of the basic
elbowcan probablybe used to approximatedrapletimpingementin conven-
tionalelbowswith long radiiof curvature,becausethe streauillnesin
this regionare apprmdmatelyequidistantat all pointsthroughoutthe
elbow.

LewisFlightPropulsionLaboratory
NationalAdvisoryCcmnitteefor Aeronautics

Cleveland,Ohio,June 19, 1956

.. ..... —-— .—————-———— -.
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APPENDIXA

SYMBOIS

!l!hefollo~ synibolsare used in this report:

dropletradius,ft

drag coefficientfor droplets,dimensionless
.

dropletdiameter,microns(3.26X10-6ft)

colJ_ectionefficiency,ratioof amountof waterimpinging
elbowto mount of water enteringelbow,dimensionless

*- nuder,@ “

2 P+%
inertia parameter, ~ ~ where U is in ft/see,

widthof basic elbowat esrtmnce,YcZ/4,ft

arbitrarylength,proportionalto size of elbow,ft

19

within

dimensionless

localRe~olds numberwith respectto droplet,2ma~/~>
dimensionless

free-streamReynoldsnuuiberwith respectto droplet,2apaU/p,
dimensionless

distaucealongoutsidewall of
ratioto Z, Mmensionless

maximumcent of @ingement,

time,sec

elbow,measured

dimensionless

from entrauce,

free-streamor entrancevelocity,mph or ft~secas noted

local air veloci~, ratio to U, dimensicmless

localdropletvelocity,ratioto U, dimensionless

magnitudeof localvectorclifferencebetween-let
locilzY,ft/sec

and air ve-

.—— ...—— .-. —-— — - — ——— .— . —. ---
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rate of water impingement
of elbowj lb/(hr] (ft of

NACA TN 3770
4

on totalelbowsurface,per unit depth
depth) .

localrate of waterimpingementon elbowsurface,lb/(hr)(sqf%)

L@id-water contentof cloud,.g/cum

rectangularcoordinates $ ratio to Zj dimensionless

dmcissa at elbowentrauceof any droplettrajectory,M.mensionless

maxbnumvalueof abscissaat eIbowentranceof droplettrajectory
that intersectsor is tangentto stresml.inedesignatedas out-
sidewall of elbow,dimensionless

minimumvalueof abscissaat elbowentranceof droplettrajecto~
(hassamevalueas ,~ o), ~sitiess

abscissaat elbowentrance

abscissaat elbowentrance
walL,Wm3nsionless

dmcissa at elbowentrance
waU, dimensionless

empiricalcoefflcient(eq.

of

of

of

any air streamlineinsideelbow

streamlinedesignatedas inside

streamlinedesignatedas outside

(~) ), diIMIISioLiLess

localimpingement efficiency> Wnensionless

enrpirical coefficient(eq.(15)),Mmensionless

angleof bend of elbow,in this case 60°

com@ex nunibers,~ + iq

viscosityof air, slugs/(ft)(see)

rectmgular coordinates,ft

&lsity, slugs/euft.

timeparameter,tU/Z,

veloci@ potential

dimensionless i.
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$ stresmfunction

a) complexpotential,Q + i$

subscripts:

a

s constantdistancefrom elbowentrance

w water

x horizontalcomponent

Y verticalcomponent

’11 verticalCcutrponent

E horizontalcomponent

Superscripts:

1 refersto
3rzu/12

* refersto

, .-

.

basic elbowdefinedby streamlhes ~ = 4fi2u/12and

pocketelbowwhose outsidewall is $ = 15Yc2U/32

21
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SEmc’mm OF COMPIEXPOTENIIM FUNCTIONI?CRDESIGN

OF 60° ELBOWMD CMCUIATION OF FLOW FIELD

Selectionof ComplexPotentialFunction

The 60° elbowsfor whichdroplet@ingement data are presentedin
the body of the reportwere designedby selectingas walLsof an elbow
two streamlinesof a two-dimensionalincompressibleflowfield established
by a complexpotentialfunction. This function,whichnearlysatisfies
all the criteriaoutlinedin the ANALYSISfor a 60° elbow,is discussed
in references14 and 15 and was employedin reference12 to establisha
90° elbowfor which dropletimpingementwas determined.This complexpo-
tentialfunctioncan be eqmessed h the followingform:

.

where

ha@nary ntmiber,fi

angleof bend of elbow,in this case 60°

complexnumber,& + i?

arbitrarylength,proportionalto sizeof elbow,ft

complexpotential,q + i*

free-streamveloci@ (constant,velocityat infinitybeforeand
afterbend)

velocitypotential

streamfunction

Calculation of Flow Field

Streamlines. - parametric eqzations for the flow
obtainedfrom equation(5)by separatingand equating

streamlinesare
the real.and

(5) -

b
●

.
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imaginary parts of the ~ functionto the realand imagineryparts of
the m function. The resultsof thisprocedureare:

Equations(Bl)and (B2)are generalequationsin that theymay
usedto find the stresndd.nesof a flawfieldwith any -e of t-,
since b in the equationsis the angleof bend. For this report
5 = 60°. Whenmappinga streamline(* = constant) in the ~,q-planeby
equations(Bl)and (B2),the velocitypotential Q is consideredas a
variableparameter. A portionof the streamlinepatterngivenby theo.

(Bl)

(B2)

be

equsmons 2s presentedin figure1.

Velocity.- Parametricequationsfor determiningthe
ponentsof the flow fieldare obtainedby clifferentiating
with respectto ~ and separatingthe real and ham
realpart is equalto theE-ccmponentof velocityand the

velocitycotu-
equtim (5)
parts. The
imaginarypart

is the q-componentof velocity. The resultsof thisprocetie ~e-: -

%=U( 2

‘i* 2&‘(c0t2$&2% ~Cosh2+)’+ ‘h 2&
cot

T

~+cos 2
- Cosh 2 2U

?z
+2cotg 1 1 ~

‘h 2 Zu-cos 2 Zu+cosh 2 gu

(B3)

and

1 ( M A )‘in2zu+c0t - o%J+cosh2+- Cot: 9

“w ‘u Cotz
(

‘i& 2 m
+COS 26+2 cot$ sin 2&-cos 2&.tcosh2&

)

(B4)

. . . .. .. . ._ --— ___ __. .____ — -------- __ ——— --.-— ————
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Equations(B3)and (M) are alsogeneralin thatthey contain 5
angleof turningof the flow field. When the velocitycomponentsare “

determinedalonga streamline(~ =
locitypotential q is considered

Walls and ends of elbow.- It
fieldbetweenthe two streamlines
figure1 satisfiesell the assumed

constant)by these equations,the ve-
as a vsriableparameter.

canbe shown (ref.14) that the flow
~ = 15YrZU/32and ZtiU/12shown in
criteriafor a 60° elbow. The first

contitionis strictlyfulfilledonly at infinity,but the flow approaches
uniformand rectilinearmotionveryrapidlybeforeand afterthe bend.
Therefore,the ends of the elbowmy be selectedat somereasonabledist-
ance beforeand afterthe bend withoutseriouserror. For this droplet
study,the ends of the elboware definedby the lines

9 =- 0.5774E - O.866YcZand g = ; YCZ(indicatedby dashedlinesin fig..

1). The errorin assumingthat the flowbetweenstreamlines~ = 15YcZU/32
and YtZU/12is uniformand rectilinearwith free-streemvelocity U at
the entranceand exit is approximately1 percent.

Sincethe flow fieldbetweenthe streamlines~ = fiZU/12and
~ = 15YrZU/32satisfiesthe assumedcriteriafor an elbuw,any pair of “
streamlinesbetweenthesetwo may be selectedas walls of a two-
dimensionalelbow. However,elbowsdefinedby pairsof streamlinesbe-
tween ~ = fi2U/12and ~ = 4YcZU/12axeprobablythe most practicalel-
buws,becausetheymore nesrlyapproxiwte conventionalelbows. Of all
the possibleeXbowsdefinedby pairs of streauilinesbetween ~ = @12
and 4Yr2U/12,the most usefulelbowis probablythe elbowdefinedby these
two streamlines,becausefor a givenentrancewidththe averageturning
radiusis smallerfor this elbowthen for any elbowdefinedby a pair of
streamlinesbetweenthesetwo, as is discussedin the next section. In
this impingementstudy,the flow fieldof figure1 is dividedinto three
chases of elbows,basic,supplementary,and pocket,which are definedin
the ANALYSISsectionof the report.

Relationbetween Z and elbowsize.- The linesrparameter Z of
the coqplexpotentialfunct@on(eq. (5))is relatedto the sizeof the
elbowthroughtwo quantities,the width of the entranceand a quantity
that may be regsxdedas the turningradiusof the elbw. The relation
betweenthe coordinatesand the stremnfunction ~ at ~ = = is

(B5)

fromwhichthe spacingof streamlines(widthof elbow)canbe determined
at infinity. For exan@e, for the basic elbowdefinedby ~ = l@12
andy= 4YcZU/12,the width of the elbowat ~ = = is YrZ/4or 0.7854, -
whereasthe width of the elbowterminatedat ~= ~ YCZ is 0.7900. The
errorin elbuwentrancewidth causedby terminatingthe basic elbowat

.. . . — .- ..—. ..— .. .. .. .._ ___



..——.

NACA TN 3770 25

‘f?

s

g= 3Yc2/4(fig.1) and assumingthat the elbowentrancewidthis Jr2/4
is lessthan 1 percent. Sincethis erroris small,eqnation(B5)canbe
used to find the spproximate width of sny elbowdefinedby a pair of
streamlines%etween ~ = 15YcZU/32and tiZU/4.

The pointA in figure1 may be regardedas the centerof turningfor
the elbows. The coordinatesof this pointme ~= ~YCZ and

11 : ml cot 30°.=-- A radiusof turningof an elbowor any streamline

may be definedas the distancefromA, measuredalongthe linesdefining
the endsof the elbow,to the elbowwall or streamline.The radiusof
turningfor a particularwall or stretiine is proportionalto Z and is

determinedlyadding ~ X2 cot 30° to the distancebetweenthe wall or

streauiline and the ~-axis. This distance can be approximated by equation

(B5). For example, for the basic elbow, the average radius of turning
maybe defined as the distance from point A (fig. 1) to the midpoint of
the entrance. The streamline ~ = 51r2U/24 defines the midpoint of the
entrance, and the distance between this point and the ~-axis is approxi-
mately 5fiZ/24 (from eq. (B5)). The average turning radiusfor the basic

elbowis thereforeapproximatelyeqpalto ;Yczcot300+~.

Inasnwh as the width of an elbowat the entranceand the radius of
turning =e both proportional to Z, the basic elbow is probably the most
practical elbow, because for a given entrance width (physical units such
as feet) the turning radius is smaller for this elbow than for supple-
mentary elbows.

Elbowcrosssection.- An elbowwtth any entrancecross-sectional
configurationthat satisfiesall the criteriaoutlinedin the body of
this reportmay be designedby the use of eptions (Bl)and (B2). The
only conditionsto be satisfiedare that thosestreamlinesformingthe
walls of the elbowat the entrancemust remainon the wallsthroughout
the elbowand that the streamlinesmustbe identicalto or intermediate
to$= 15Yc2U/32and ~ = YcZU/4.For an elbowwith a,rectangularen-
trancecrosssection,the crosssectionsat all pointsalongthe elbow
sre rectangular.However,the width of the elbowchangeswhilethe depth
remainsconstant. For an elbowwith a circularentrancecrosssection,
the crosssectionsbecomeegg-shapedin the centerof the elbw. The
depth,however,remainsconstantthroughoutthe elbow.

Elbow and flowfieldin Umensionlessform. -.For dropletimpinge-
ment studiesfor airfoilsand otheraircraftcomponents,it is convenient
to mess the resultsin termsof dimensionlessparameters,so that the
resultsmay applyto a wide range of flightand meteorlogica.1conditions
aq well as a wide rangeof sizesof airfoilsand aircraftcomponents.In
orderto obtainthe impingementresultsin termsof dimensionlessparam-
etersby analogcomputertechnique,the aircraftcomponentand the flow

.-. ——.-. .— -—. .- . . . ..— —— —. — - .— .- ------ --- —
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fieldmustbe expressedin termsof dimensionlessparameters.This nec-
essityis met for eirfoilsby expressingall distancesas ratiosto chord .
lengthand all velocitiesas ratiosto free-streamvelocity. The elbuw
and its velocityfieldcanbe ~essed in dimensionlessformhy expres-
singdistancesas ratiosto the erbitrarylength Z md velocitiesas
ratiosto the free-streamvelocity Uj thus for the elbowwallsand in-
termediatestreamlines,both sidesof”eqyations(Bl]and (B2)are divided
by 2, and for the flowfields,both sidesof eqpations(B3)and (B4)are
dividedby the free-streamvelocity U.

Sometypicalstreamlinesare presentedin termiof dimensionless
coordinatesin graphicalform in figure2 and in tdwler form in t&bleI.
Figure2 and table1, with the elbowentirel.in the firstquadrant,were
obtainedfrom figure1 and equations(Bl)and (B2)by the followingtrans-
formationequations:

ii

x= 0.866E- 0.5 q + 2.00

and

Y =0.5 g+ 0.866q +3.00 .!

The translationof the originwas made in orderto facilitatetrajectory
calculationsby the differentialenalyzer.

The velocityfieldis presentedin figure3 and tableI. Figure
3(a) givesthe x-componentvelocity ~ as a functionof x for con-

stantvaluesof y, and figure3(b) givesthe y-componentof velocity
~ ~ a fUnction y for constantvaluesof x. The componentveloci-

ties ~ and ~ are dimensionlessand are equalto ug/u and u@>

respectively.
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TABLE 1. - Continued. STREAMLINE COORDINATES,VELOCITY COMPONENTS, AND DISTANCE

FROM ENTRANCE AS FUNCTIONS OF VELOCITY POTENTIAL
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TABLE 1. - Concluded. STREAMI.JNE COORDINATES,VELOCITY COMPONENTS,AND DISTANCE
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H

1.4

M
2.0

2X

FROM ENTRANCE AS FUNCTIONS OF VELOCITY POTENTIAL

streamrumtiofl,#

Streauliw Velooity mln.6Wlm stmarJiua Veloaity M&moe Stl.mdilla Veloaity
ooordimta

Diatame

o~~ Coordinate o~t Ooordimte o~t -
atranaa

x
I I I I

mt.r.p
Y

mtr’p
u% UY s x Y Ux % x Y %%

T
1.61170.8436
1.6X+2 .2012
1.61611.0023
1.62041.2a34
1.62681.4049

1.6362l.mzl
1.63011.6101
1.27032.01S9
1.69952.2123
1.74102.4232

1.72222.6264
1.67442.2254
1.92022.2222
2.0275s.106o
2.02243.1961

2.2226S.3616
2.3700S.0M6
2.s26s3.6610
2.662S3.n66
2.2536S.6220

-L
3.02444.0115
S.19424.1206
S.36624.22n
3.63614.331s
3.no3 4.4342
3.64644.Q44

.

nu/m
mw7 o
.9262 .lm
.6263 .356
.9626 .267
.922s .766

.964s .957

.9767 1.1s2

.9666 1.s63

.9422 1.570

.6263 1.779

.6660 1.926

.6649 2.205

.6318 2.310

.7811 2.=8

.7346 2.623

.7022 2.639

.6643 3.049

.6140 3.236

.m12 3.463

.5677 3.670

1.7mo 0.6438
1.n16 .6ce4
1.n46 1.0006
1.71201.2006
1.Z?621.4o11

1.73311.m.14
1.74621.6018
1.769.52.mm
1.72662.2o13
1.23942.3965

1.89492.6244
1.96m 2.7239
2.01172.8762
2.11343.0s20
2.17123.1s67

2.29873.2638
2.4S973.4364
2.62063.s737
2.74903.69B7
2.91223.6113

3rm/s2 1 mu.
.996s o 1.74260.8438
.9991 :% 1.7444 moo
.9967 1.7473 .229s
.6272 .666 1.76171.1626
.9967 .7ss 1.76&?1.3996

.9949 .ml 1.76721:6296

.2614 l.lm 1.78191.7991

.9267 1.362 1.202.11.9981

.9761 1.362 1.62102.1952

.mm 1.766 1.8n4 2.3218

.9361 1.956 1.22622.3a41

.6226 2.164 1.99622.7702

.8762 2.264 2.04112.86Q0

.6237 2.4m 2.14113.0340

.7949 2.5m 2.19783.1026

.7363 2.776 2.32s33.2719

.6214 2.979 2.46243.412s

.6342 3.162 2.61183.3424
,3265 3.36%? 2.76263.6723
.s679 3.s64 2.23103.7894

w

4JQJ o
.lm

.9998 .S56

.6226 :%

.9962

.996s .962

.mm 1.146

.9227 1.34a

.92s3 1.648

.9719 1.749

.9490 1.s30

.9139 2.149

.6916 2.246

.6321 2.4S2

.2026 2.661

.7475 2.760

.6626 2.961

.6404 s.m2

.m 3.362

.3702 S.662

L
.3492 3.762
.6337 3.966
.s226 4.ls6
.61m 4.s64
.6103 4.262
.3072 4.no
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!!l.bow Arbitw Free- strwam Reeeuxe Air Tampera- Air Dropld Inertia Free- Wximum Collec -

mtranoe length or eutrence at itu(te , deneity, ture, Viecoaity, d.lemeter, pereaEter , streem

tidth,

extent tion

peremeter , velocity’, ft Pa)
L, 1, u,
N ft m ~ % & “L K ‘?%p :$: ::p-

for elbrnr,

lmeio Et

elbow,

%

0.5 0.6366 200 loaos 1.753%lo-3 3&&l.0-e 10 oo1548
;: .

48.9 5.68 O.u
,5 .6s66 m 10 L.766 25 .9676 122.3 5.68 .52
.5 .6366 30 .889 -39 31,45 10 .1704 27.2 5.68 .14
.5 .6366 200 30 .889 -36 31.43 25 1.0660 66.1 5.66 .65
.5 .6s66 5aJ 10 1.756 12 34.54 10 .3872 122.3 5.68
.5

.24
.6366 5@J 10 1.756 12 34.64 25 2.4180 3=.8 5.66 .82

.5 .6366 600 .aw -32 31.43 10

.5
.4260 68.1

.6366 : .666 -39 31.45 26 2.66% 170.2 :;77 1:=
1.0 1.2732 m 10 1.756 12 34.54 10 .0774
1.0 1.2732 m 10 1.756

48.9 5.06 .06
12 34.64 25 .4%56

1.0
122.3 5.66

1.2732 30 .W -36 31.43 10 .0632 27.2 5.66 %
1.0 1.2732 200 30 -32 31.43 26 .5325 66.1 5.68

1:%6
.32

1.0 1.2732 5m 10 12 34.54 10 .1636 122.3 5.66
1,0

.13
1.27S2 300 10 1.756 12 34.54 1.2Q60 X5.6 5.66 .47

1.0 1.2732 m 20. .866 -32 31.43 E .21.50 68.1 5.60 .14
1.0 1.2732 30 .666 -39 31.43 25 1.3312 170.2 5.68 .61
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